Because of the association of ␤-sheet formation with the initiation and propagation of amyloid diseases, model systems have been sought to further our understanding of this process. WW domains have been proposed as one such model system. Whereas the folding of the WW domains from human Yes-associated protein (YAP) and Pin have been shown to obey single-exponential kinetics, the folding of the WW domain from formin-binding protein (FBP) 28 has been shown to proceed via biphasic kinetics. From an analysis of freeenergy landscapes from atomic-level molecular dynamics simulations, the biphasic folding kinetics observed in the FBP WW domain may be traced to the ability of this WW domain to adopt two slightly different forms of packing in its hydrophobic core. This conformational change is propagated along the peptide backbone and affects the position of a tryptophan residue shown in other WW domains to play a key role in binding. The WW domains of Pin and YAP do not support more than one type of packing each, leading to monophasic folding kinetics. The ability of the FBP WW domain to assume two different types of packing may, in turn, explain the capacity of this WW domain to bind two classes of ligand, a property that is not shared by other WW domains. These findings lead to the hypothesis that lability with respect to conformations separated by an observable barrier as a requirement for function is incompatible with the ability of a protein to fold via single-exponential kinetics.
M
any proteins are comprised of a series of modular domains that carry out diverse functions ranging from localization to catalysis to signaling. WW domains are a class of signaling modules that, similar to Src homology 3 (SH3) domains, carry out signal transduction via binding to proline-rich peptides in a type II polyproline helix conformation (1) . Although the position of the ligand is maintained in all complexes solved to date, the bound ligand may adopt one of two orientations relative to the WW domain, which differ in the direction of the peptide backbone (2, 3) . This feature arises from the approximate twofold symmetry of the type II polyproline helix and is shared by peptides that bind SH3 domains (1) . Signaling processes mediated by WW domains have been implicated in a variety of human disorders including Alzheimer's disease, muscular dystrophy, Huntington's disease, and cancer (4) . The WW domain, the name of which derives from a pair of conserved tryptophan residues, is comprised of a curved threestranded antiparallel ␤-sheet; the concave face of the sheet contains the ligand-binding site, and the convex face contributes to a hydrophobic core involving the termini of the WW domain.
The study of helical peptides has led to simple models for their formation (5-7), but the greater sequence separation of interacting residues (8) and the dependence of the folding mechanism on the relative importance of hydrogen bonds and hydrophobic interactions (9, 10) has made the extension of such models to ␤-sheets difficult. The formation of nonnative ␤-sheet structures associated with several human diseases (11, 12) has brought to the forefront the search for a model ␤-sheet in which to study folding.
This quest has led to an interest in WW domains. After initial studies using the WW domain from human Yes-associated protein (YAP) (13, 14) , focus shifted to the prolyl-isomerase Pin1 WW domain (15) . Subsequent examination of the WW domain from formin-binding protein (FBP) 28 revealed a surprise; unlike the folding kinetics of the YAP and Pin WW domains, which were well described by a single exponential (14, 15) , the folding kinetics of the FBP WW domain proved to be biphasic (16) . Monophasic kinetics are indicative of a single barrier-crossing event, whereas the biphasic kinetics in the FBP WW domain suggest a more complex mechanism. Although a subsequent study has proposed aggregation as the origin of these biphasic kinetics (17) , it is unclear how aggregation events on a time scale of hours is reflected in biphasic kinetics on the microsecond time scale.
Many small proteins (or protein domains) fold to a single distinct ''native state'' from which they are active (18) . Evolutionary pressure is thought to have sculpted a free-energy surface that maximizes the population of molecules residing in this active state via two tactics. The first is the destabilization of nonnative states relative to the native state, which results in a funnel-shaped free-energy surface (19, 20) . The second involves the design of a free-energy barrier separating the native state from nonnative states, which allows little conformational diversity within the native basin at physiological temperatures by ensuring that the population of partially folded molecules is small (21) (22) (23) . These features common to the free-energy landscapes of many small proteins lead to other shared properties, which themselves are not a result of direct evolutionary pressure, such as folding by means of singleexponential kinetics on relatively fast time scales (24) .
To understand the structural basis for the biphasic folding kinetics in the FBP WW domain, two studies were launched in collaboration. The experimental arm of this partnership identified several perturbations by which folding may be switched between monophasic and biphasic kinetics; these means include C-terminal truncation, variation of temperature, and mutation at particular sites (16) . Meanwhile, theoretical studies of folding kinetics using sequence-dependent C ␣ -based Go -like models were carried out and found to reproduce the respective folding kinetics of both the Pin and FBP WW domains (25) . The biphasic kinetics observed in this simple model were traced to the mobility of the third ␤-strand within the context of otherwise folded conformations (25) .
To extend the level of detail at which the origin of the biphasic folding kinetics of the FBP WW domain is understood, we have complemented our earlier analysis of the C ␣ -based Go -like models by free-energy landscape calculations by using molecular dynamics with an atomic-resolution force field and an implicit representation of the solvent. After describing the structural origin of the biphasic folding kinetics, we rationalize the functional reasons that may have led to a free-energy landscape that differs from those of other small proteins.
Methods
Molecular Dynamics. Simulations were carried out with the CHARMM molecular dynamics program (26) . Each protein was represented by the all-hydrogen force field (PARAM22) (27) , with map-based backbone dihedral cross terms (28) . Covalent bonds involving hydrogen atoms were constrained by using SHAKE (29) , and dynamics were propagated with a time step of 2 fs at a temperature of 285 K, selected to assure strongly native-promoting conditions. The generalized born molecular volume (GBMV) implementation (30, 31) of the generalized Born formalism (32) was used as an implicit representation of the solvent. Modified atomic radii were used to represent the solute-solvent interfacial region in the implicit solvent model (33). The hydrophobic effect was incorporated through the use of a term proportional to the molecular surface area, using a scaling factor of 0.015 kcal͞mol⅐Å 2 . Ninety-six independent simulations of 6.4 ns in length were carried out for each protein, making the total simulation time 614 ns per protein. The first 0.8 ns of each simulation was not used in the analysis described below. Coordinates were saved for analysis every 2,000 steps of molecular dynamics.
Umbrella Sampling. To enhance exploration of the accessible conformational space, additional harmonic restraining potentials were applied to the C ␣ radius of gyration (34) and a continuous analog to the fraction of side-chain-native contacts formed (35) . Native contacts of the FBP WW domain were defined as residues with nonhydrogen atoms within 4.5 Å in at least one model of the NMR ensemble (36) (PDB ID code 1E0L). The same definition was used to define native contacts for Pin WW domain using the crystal structure (37) (PDB ID code 1PIN). Umbrella potentials applied to the radius of gyration contained minima distributed between 9 and 12 Å in increments of 0.5 Å, and those applied to the fraction of native contacts formed contained minima distributed between 0.05 and 1.00 in increments of 0.05. Combination of each possible pair of these biasing potentials results in 140 unique ''conditions.'' This set was reduced to 96 conditions via exclusion of 44 pairs corresponding to unphysical extended states (i.e., large radius of gyration) in which most native contacts are formed. Initial studies verified that these indeed were regions of conformation space in which the free energy was much higher than the native state (results not shown). All force constants applied to the radius of gyration were set to 100 kcal͞mol⅐Å 2 for the first 0.4 ns to aid equilibration and then to 10 kcal͞mol⅐Å 2 for the remainder of the simulations. All force constants applied to the fraction of native contacts formed were set to 10,000 kcal͞mol for the first 0.4 ns and then to 1,000 kcal͞mol for the remainder of the simulations.
Replica Exchange. To enhance sampling further, an extension of the replica-exchange methodology (38) known as REUS (39) was used, as implemented in the MMTSB tool set (40) . This methodology involves carrying out independent simulations under different conditions and periodically swapping the conformations associated with a pair of these conditions, subject to the Metropolis criterion. In this case, exchanges took place between simulations in which the position of the minimum in the umbrella potentials differed. Exchanges were attempted only between neighboring replicas; neighbors were defined as those replicas in which one umbrella potential was identical and the other differed in the position of the minimum by only one increment. The overall exchange probability for each set of simulations was Ϸ20%. Exchanges were attempted every 2,000 steps of molecular dynamics to allow each conformation sufficient relaxation time after transferal to the energy surface associated with the new Hamiltonian.
Analysis. After completion of the simulations described above, data collected by using different umbrella potentials were combined by using the weighted histogram-analysis method (41) (42) (43) ; this method allows projection of the free energy onto any progress variable that is a function of the atomic coordinates.
Tryptophan burial was defined as inversely proportional to side-chain solvent-accessible surface area, in which the burial of the tryptophan in an AWA peptide was set to zero and the burial of the experimentally determined structure was set to unity. The solventaccessible surface area was computed by the method of Lee and Richards (44) .
Results and Discussion
Initial Thermodynamic Characterization. To gain an understanding of the general features of the free-energy landscapes for the Pin and FBP WW domains, the free energy was projected simultaneously onto several different pairs of global structural descriptors. If the free-energy landscape of the FBP WW domain includes one or more minima that are structurally distinct from the native state, these may act as kinetic traps and hence bring about biphasic folding kinetics.
The first pair of variables selected were the radius of gyration (R g ) and the fraction of native side chain-side chain contacts formed (Q SS ) ( Fig. 1 a and b) . In both cases, the free-energy landscape appears funneled as these variables progress toward a single minimum, reflecting the strongly native-promoting conditions used (285 K). In both cases, this minimum lies at a native-like radius of gyration and near Q SS Ϸ 0.7. The breadth of this native basin arises from thermal fluctuations. Both free-energy landscapes are funneled similarly when projected onto R g and the fraction of native hydrogen bonds formed (Q HB ) ( Fig. 1 c and d) , and again both contain a single minimum corresponding to the native state. The fact that the minimum in all cases contains all or most native contacts provides a strong indication that the free-energy minimum for each protein, given the set of potentials used, corresponds closely to the experimentally observed structure. The agreement in the ␤-sheets is underscored further by projection of the free energy onto the rms deviation (RMSD) from the published structures (36, 37) of C ␣ positions of atoms of the residues that comprise the ␤-sheets (RMSD sheet ) and Q SS ( Fig. 1 e and f ) . RMSD sheet at the observed minimum is Ϸ1 Å from the experimentally derived structures, indicating that the conformations that comprise the minimum located at Q SS ϭ 0.7 contain a fully native-like ␤-sheet.
Given the presence of only one minimum when the free energy was projected onto these structural variables, we next selected a structural probe designed to mimic the experimental probe used to monitor the progress of folding (16) . The experimental probe was tryptophan fluorescence, and through mutation the specific reporter of biphasic folding kinetics was shown to be Trp-30 (16) . We use the relative burial of this tryptophan (Trp-29 in Pin) as a reflection of its environment, and simultaneously project the free energy onto this progress variable and Q SS , for both the Pin and FBP WW domains ( Fig. 1 g and h) .
The use of this pair of structural descriptors demonstrates a qualitative difference between the free-energy landscapes of the Pin and FBP WW domains. The tryptophan burial of conformations of the Pin WW domain that occupy the native state basin, as distinguished by Q SS ϭ 0.7, ranges from 0.7 to 1.4 relative to the burial in the crystal structure (Fig. 1g) . The free-energy surface of the FBP WW domain (Fig. 1h) , by contrast, exhibits a minimum with native-like tryptophan burial (burial ϭ 1.0) but also a small local minimum nearby. This additional minimum lies on the edge of the native state basin and differs from typical members of the native state basin by the presence of slightly fewer native contacts and an increase in the exposure of Trp-30 (burial ϭ 0.4). The difference in the tryptophan environment of this minimum relative to the native state suggests that the rearrangement of the structure from this local minimum to that of the native basin may be responsible for the observed biphasic folding kinetics (16) .
Structural Description of States Accessible to the FBP WW Domain.
Having identified a measure that differentiates the native state basin from this ''additional'' minimum, we return to the ensemble of structures used to build these free-energy surfaces. By using Trp-30 burial and Q SS , it is possible to extract many examples of conformations within each free-energy minimum and search for further distinguishing features.
Having noted earlier that the ␤-sheet is predominantly nativelike in all these conformations (Fig. 1f ) , one may envision several scenarios involving the chain termini by which conformations from each of these two minima could differ. One could envision a series of conformations in which one or both of the chain termini move to the opposite side of the ␤-sheet (the concave side in the native state) or in which the termini have exchanged positions relative to those they occupy in the native state. One must also consider a vast array of other mispacked states including those that differ from the native packing in the relative position of two or more side chains. Because the barrier associated with protein folding is thought to generally correspond to the desolvation of side chains required to form a well packed hydrophobic core (35, (45) (46) (47) (48) , reorganization from a specific mispacked state to the native packing would be expected to proceed on a relatively slow time scale. To determine the structural features associated with each free-energy minimum, we examine representative conformations in detail.
Representative structures from the more-populated free-energy minimum, in which Trp-30 is more buried, show a significant level of agreement with the experimentally determined NMR ensemble of structures (36) . Contacts not present in these structures generally involve the extreme N terminus, consistent with the high degree of flexibility in this region inferred from both the wide variation of conformations occupied by the N terminus in the ensemble of NMR structures (36) and the fact that N-terminal truncation has little effect on stability (16) .
Examination of numerous examples of conformations from the less-populated free-energy minimum, in contrast, were often seen to incorporate a particular shift from the native state: a relatively subtle difference in the packing of the hydrophobic core. This alternate packing is seen most clearly through comparison with the packing found in the NMR structures (36) and the more-populated free-energy minimum. In the native FBP packing, a leucine (Leu-36) and a proline (Pro-33) lie equidistant from a tryptophan (Trp-8) and a tyrosine (Tyr-20) on the convex face of the ␤-sheet in an approximate tetrahedral arrangement (Fig. 2a) . In the ''alternate'' packing, a representative of which is shown in Fig. 2b , Pro-33 moves to a position directly above Trp-8 and Tyr-20, forming a triangular arrangement that displaces Leu-36 into the solvent. Adoption of this alternate packing tilts the C-terminal end of the third ␤-strand toward the hydrophobic core, increasing the curvature of the ␤-sheet. Because Trp-30 lies across the ␤-sheet in the native packing (Fig. 2a) , this increase in curvature induces a steric clash between Trp-30 and the second ␤-strand; this clash is resolved by reorien- The relative burial of the C-terminal tryptophan (zero is fully exposed, and unity is the burial in the experimentally determined structure) and Q SS. Contour lines in all cases represent k BT (T ϭ 285 K). The color scheme is for illustrative purposes only. tation of Trp-30 away from the ␤-sheet (Fig. 2b) . A concerted conformational change such as that just described provides an explanation for the ability of Trp-30 burial to act as a reporter of the packing involving residues on the opposite face of the ␤-sheet. The native and alternate packing will, for the purposes of additional discussion, be referred to as N-packing and A-packing, respectively.
Using this insight from structural analysis, it now is possible to design additional structural descriptors to delineate these two minima. Given the assertion that the packing is described by the position of Pro-33 relative to Trp-8 and Tyr-20, the ''nativeness'' of the packing will be reflected by the all-atom RMSD of Pro-33 relative to its position in an experimentally determined structure (36) after alignment by minimization of the all-atom RMSD of the positions of Trp-8 and Tyr-20. We will refer to this measure as PrmsdN (Pro-33 RMSD from N-packing). Conversely, the degree to which the packing resembles the A-packing may be captured by using the same measure but computing the RMSD to an example of A-packing (the conformation shown in Fig. 2b was used) . We will refer to this measure as PrmsdA (Pro-33 RMSD from A-packing). Each projection involving these variables was first ''filtered'' by using Q SS , and only conformations with Q SS Ͼ 0.5 were used in calculation of the free-energy surface; this filtering was used to reduce contributions from conformations distant from the native state, which would act as noise in PrmsdN and PrmsdA.
We demonstrate first that these measures differentiate the two forms of packing by simultaneously projecting the free energy onto both PrmsdN and PrmsdA (Fig. 3a) . Two minima are apparent on this surface: one is located at PrmsdN ϭ 1 Å, PrmsdA ϭ 2 Å and corresponds to the native packing, whereas the other is located at PrmsdN ϭ 3 Å, PrmsdA ϭ 1 Å and corresponds to the alternate packing. As expected, the free-energy minimum corresponding to the native packing is more populated under these conditions. The free energy is projected next onto Trp-30 burial as well as either PrmsdN or PrmsdA to demonstrate the ability of Trp-30 to act as a reporter for the packing of the hydrophobic core (Fig. 3 c  and d ). Based these projections, it is apparent that conformations in which Trp-30 is largely exposed (burial ϭ 0.4) typically have PrmsdN Ͼ 2 Å and PrmsdA Ͻ 1 Å, indicative of the type of packing shown in Fig. 2b . It is important to note that many conformations that contain A-packing allow Trp-30 to be buried to an extent similar to that present in the native packing (Fig. 3 c and d) ; this form of packing does not require that Trp-30 become exposed but merely enhances the probability of Trp-30 exposure. Conversely, conformations in which Trp-30 is largely exposed almost always contain A-packing (Fig. 3 c and d) . It is the sensitivity of fluorescence measurements toward this change in distribution of the Trp-30 environment that we anticipate allows an experimental probe of the type of packing and in turn allows observation of biphasic folding kinetics (16) . Using additional free-energy projections, Trp-8 was found to be buried to a similar amount regardless of the type of packing (results not shown), consistent with the inability of this tryptophan to act as a reporter of biphasic folding kinetics in Trp-30 3 Phe and Trp-30 3 Ala mutants (16) .
Based on our analysis of the free-energy landscape for this system, probed by contrasting multiple ''cuts'' via projection onto many different sets of coordinates, we propose a structural model consistent with the biphasic folding kinetics observed in the FBP WW domain. After initiation of folding, the chain rapidly adopts a conformation in which the ␤-sheet is fully native-like; the packing, however, may exist in one of two forms. The free energy is seen to be essentially downhill for this component of folding (Fig. 1 b, d , and f ), supporting assignment of this step to the observed fast phase. The subset of conformations that have adopted A-packing subsequently undergo rearrangement to N-packing on a slower time scale, associated with a barrier-crossing event (Fig. 3a) .
Other Folding Studies of the FBP WW Domain. The wealth of variants of the FBP WW domain examined experimentally (16) allow ample opportunity for comparison to both validate the model presented here and rationalize the experimental observations.
The variant most directly related to the model for folding that we propose above involves truncation of the four C-terminal residues. In this variant, termed mini-FBP, Leu-36 is removed but Pro-33 is maintained; one therefore would expect such a construct to adopt A-packing exclusively. To test this hypothesis, the simulations described above were repeated by using this C-terminally truncated construct. Projection of the free energy onto the same progress variables used in Fig. 1 showed a drastic destabilization relative to the full-length FBP WW domain (results not shown), which also was observed experimentally (16) . Associated with this destabilization, projection of the free energy onto PrmsdN and PrmsdA for mini-FBP shows the presence of an additional minimum at PrmsdN ϭ 4 Å, PrmsdA ϭ 4 Å in which the hydrophobic core is not formed. The minimum associated with A-packing remains at PrmsdN ϭ 3 Å, PrmsdA ϭ 1 Å, whereas the minimum associated with N-packing moves toward the A-packed state (i.e., higher PrmsdN and lower PrmsdA). The decreased structural separation and lower barrier between these two minima are suggestive additionally of fluidity in the packing of the hydrophobic core in mini-FBP. Experimental characterization has shown that the folding of this variant follows single-exponential kinetics with a rate similar to the faster phase observed in the full-length FBP WW domain (16) . The structural model presented here suggests an explanation for this observation, arising from the absence of competition between the two forms of packing in this construct. Experimental truncation beyond Pro-33, meanwhile, resulted in nonnative conformers and aggregates (16) , which is consistent with the inability of such a construct to form a buried hydrophobic core with either type of packing.
Additional experiments probing the effect of temperature on the observed biphasic folding kinetics of the full-length FBP WW domain showed that the slower phase was eliminated during refolding at higher temperature (16) . Given that the importance of the hydrophobic effect increases with temperature (49), one would expect that the penalty in free energy associated with adopting the A-packing instead of the N-packing would increase at higher temperature because of the solvent exposure of Leu-36 that ac- companies A-packing. By destabilizing A-packing relative to Npacking, increasing temperature eliminates this kinetic trap.
Mutation of residues Tyr-11 and Tyr-19, which reside on the first two ␤-strands and face away from the hydrophobic core, showed little effect on the experimentally observed kinetics (16) , which also is consistent with the structural model we propose.
As described in the Introduction, results from a simple model implicated mobility of the third ␤-strand in the biphasic folding kinetics (25) . The importance of this mobility was verified experimentally via demonstration that mutation of Leu-26 (located on the N-terminal portion of the third ␤-strand) to alanine affected the slower of the two phases but not the faster (16) . The results from this simple model are in striking agreement with the present observation that the effect of the alternate packing is propagated along the peptide backbone to the third ␤-strand (Fig. 2 a and b) . The existence of the alternate packing, meanwhile, could not have been observed in the simple model because of the lack of favorable nonnative interactions in the model (25) .
Comparison with Other WW Domains. Although the WW domain from FBP28 shows biphasic folding kinetics, the Pin WW domain has been shown to fold via monophasic kinetics (15) . Given that the biphasic folding kinetics in the FBP WW domain arise from the availability of two alternate forms of packing in the hydrophobic core, does this suggest that only one type of packing is available to the Pin WW domain?
Examination of the packing present in the Pin WW domain (2, 37) (Fig. 2c) confirms that this indeed is the case. The packing in the Pin WW domain resembles the A-packed form of the FBP WW domain; Pin contains a proline at the position analogous to Pro-33 in FBP, which lies directly over the analogous tryptophan and tyrosine residues on the face of the ␤-sheet. Additional stabilization in the Pin WW domain derives from an inward-facing leucine residue on the N-terminal tail. The Pin WW domain harbors an asparagine at the position analogous to Leu-36 of FBP, which explains why Pin cannot assume packing more similar to the N-packing of FBP. The observation of packing analogous to the A-packed state of the FBP WW domain in an unrelated WW domain provides additional support for the applicability of such a state to the FBP WW domain.
Monophasic folding kinetics also have been observed by using the WW domain from YAP (14) . Unlike the Pin WW domain, however, the YAP WW domain adopts packing similar to the N-packed state of the FBP WW domain (50) (Fig. 2d) . Although the positions of the participating side chains are very similar, their location in sequence differs slightly; the position occupied by Leu-36 in the FBP WW domain is occupied instead by Leu-4 in YAP. The monophasic folding kinetics of the YAP WW domain suggests that the free-energy difference between the N-and Apacked states must be larger in the YAP WW domain than in the FBP WW domain. One would anticipate a large free-energy difference, given that the A-packing in FBP results in exposure of Leu-36 to solvent. The question therefore may be posed: Why is the free-energy difference between the two types of packing so small in the FBP WW domain but not in that of YAP? A reasonable hypothesis is that strain is placed on the intervening sequence between Pro-33 and Leu-36 in FBP when these residues participate in N-packing. Examination of the 10 members of the ensemble of NMR structures, which all exhibit N-packing, supports this hypothesis: in each of the 10 members of the ensemble, one of the two intervening residues (Gln-34 and Glu-35) lies in a region of the Ramachandran plot described as ''generously allowed'' (51, 52) . This provides evidence for strain in the N-packed state of the FBP WW domain, which is not present in the N-packed state of the YAP WW domain, in turn accounting for the monophasic folding kinetics of the YAP WW domain.
Implications for Binding Specificity. To summarize, the FBP WW domain may access two alternate packing modes, whereas the Pin and YAP WW domains only allow one each. The conformational change associated with movement from one type of packing to the other is propagated along the peptide backbone, altering the tilt angle of the third ␤-strand and thus the curvature of the ␤-sheet. This in turn affects the conformational preference of the tryptophan located on the third ␤-strand.
This tryptophan residue is notable in that it plays a key functional role in all WW domain structures solved in complex with peptides. Complexes of the YAP and Pin WW domains with peptide substrates show that this tryptophan intercalates into the groove formed by the type II polyproline helix, stacking against a proline in the ligand (2, 50) . The indole NH of this tryptophan additionally forms a hydrogen bond to either a carbonyl (50) or a hydroxyl (2) group in the ligand. Mutation of this tryptophan leads to a loss of binding affinity in both cases (2, 53) .
Another important difference between the FBP WW domain and those of YAP and Pin is their ligand predilection. The YAP WW domain belongs to the set of group I WW domains, which bind polypeptides containing a consensus (L͞P)PXY sequence (54) . The Pin WW domain, meanwhile, binds the consensus (phospho-S͞T)P sequence characteristic of group IV WW domains (55) . The FBP28 WW domain binds both ligands that contain a PPPXXQ motif (56) as well as ligands that do not (the binding region for such ligands has not been established yet) (57) . Unlike the YAP and Pin WW domains, which each bind a single consensus sequence, the FBP WW domain therefore binds at least two distinct classes of ligand. Given the ability of the FBP WW domain to assume an alternate packing that affects both the ␤-sheet curvature as well as the position of a residue likely to be important for binding , it is tempting to associate the specificity of the FBP WW domain toward each type of ligand with a different type of packing.
A straightforward experimental test of this hypothesis could be performed by measuring the effect of particular mutations on the affinity of the FBP WW domain toward each type of ligand. The N-packed state could be stabilized by relief of the strain in the region between Pro-33 and Leu-36; in particular, the strain reflected by the positive dihedral angle of Gln-34 found in several members of the NMR ensemble (36) could be eased via mutation to glycine. The A-packed state could be stabilized by either C-terminal truncation or mutation of Leu-36 to a polar residue. If each type of packing is associated with binding a specific class of ligand, modifications to the WW domain that shift the balance of these two types of packing in favor of a particular type of packing will enhance binding to the correlate class of ligand at the expense of the other class. Additional experiments will be required to validate this hypothesis as well as to match each type of packing with the mode of substrate binding it promotes.
Conclusions
Signal transduction through WW domains, as with SH3 domains, occurs via binding events of high specificity and low affinity; the former ensures fidelity in the flow of information, whereas the latter allows for dynamic modulation of the signal (58) . Comparison of WW domain structures from proteins other than FBP28 with and without bound substrates show relatively minor rearrangements after ligand binding (2, 3, 50) , which suggests that these WW domains have been designed to occupy a single conformation each: the one required for binding. The optimal free-energy landscape for a protein that must carry out this simple functional requirement would contain a single barrier separating the active conformation from nonactive conformations and be devoid of other competing local minima. Accordingly, folding on such a free-energy landscape would proceed by means of two-state kinetics, as seen in the WW domains from Pin and YAP. Similarly, the function of a variety of other small proteins often used as examples of two-state folding is a single binding event; examples include chymotrypsin inhibitor 2, SH3 domains, and the IgG-binding domains. These proteins are called on to carry out the simplest possible function and accordingly have evolved the simplest possible free-energy landscape on which to do so. It is also interesting to note that the rate-limiting step in the folding of the Pin WW domain involves formation of loop 1, which contains key residues for ligand binding (15) .
The WW domain from FBP28 carries out at least two distinct functions: binding peptides that harbor one of at least two distinct motifs. This requires a more complex free-energy landscape that contains two distinct ''active'' states, which in turn leads to biphasic folding kinetics. The manifestation of functional requirements on the free-energy landscape is seen even more dramatically in the case of proteins that remain unstructured under physiological conditions (59, 60) .
Although protein domains have been long classified on the basis of monophasic and biphasic folding kinetics, it has not been possible to predict a priori the class to which a given protein will belong; the only insight to date has been the observation that protein domains Ͻ110 aa often fold via monophasic kinetics, whereas larger proteins often exhibit biphasic kinetics (18) . On the basis of the discussion above, we assert that biphasic folding kinetics should be expected for any protein domain that must perform a conformational change to carry out its complete function, provided that the spectroscopic probe is able to discern this conformational change (i.e., the observable quantity changes by a significant amount on a measurable time scale). Although the conformational change that must be supported by the FBP WW domain involves rearrangement of packing, other types of changes are possible. Another type of conformational change involves reorientation of two parts of a protein with respect to each other; such motions are common in the active sites of enzymes. One would expect that the functional advantage of allowing such a motion is paid for with a loss of cooperativity in the formation of these parts, and hence folding kinetics will not be monophasic. This prediction seems to hold in enzymes such as acylphosphatase (61) , hen lysozyme (62) , and dihydrofolate reductase (63) through the use of spectroscopic probes associated with ligand binding. The kinetic mechanism by which a protein folds thus offers insight into the nature of the underlying free-energy surface, which is the direct product of evolutionary optimization for function.
